INTRODUCTION
AC photovoltage (PY) and surface photovoltage (SPV) measurements, as nondestructive methods, have been used successfully to monitor the change of electronic properties induced by the latent scratches, polishing and other processing in semiconductor materials and devices [1] [2] [3] .
Recently, it has been found that, in the study of the surface Fermi level pinning on the surfaces of GaAs and GaAlAs wafers, the illumination from the pump and probe beams in normal photo reflectance (PR) experiments can significantly affect the measurement accuracy and thus erroneously lead to a reduced value of the surface and interface electric field [4] [5] . At the same time, additional illumination (DC-biased light) caused the nonlinear dependence of the piezoelectric photoacoustic (PA) signal on the modulated light intensity [6] [7] . The same behaviour appeared in photoelectron spectroscopy (PES) measurements [8] [9] .
All these phenomena may be owed to the PV and Spy effects from the additional light incidence [4] [5] [6] [7] [8] [9] . To the best of the author's knowledge, up to now, there is no author to pay attention to the effect of additional illumination on the AC PV signal, which may give some hints to explain the problems above.
On the other hand, to raise the operation speed of the bipolar devices the buried layer have been widely utilized [10] , which means the noncontact and nondestructive evaluation of buried structures is very important to the quality and yield of bipolar devices in the semiconductor industry. The piezoelectric photo acoustic (P A) method has been used to detect the buried layer, but it can not be used in line as one kind of contact methods [11] .
In this paper, first, we have measured the change of the AC photovoltaic signals under an additional illumination, and studied the change mechanism of the AC photovoltaic signal by using a one-dimensional model. According to our theory and experiment, the photovoltaic signals, under the relatively intense additional illumination, is greatly reduced because the additional illumination lowers the barriers' height at the surfaces and interfaces of wafers with buried layer. Second, AC PV imaging has been Epitaxial Layer used to detect the buried structures, which is sensitive to the defects and thickness inhomogenuties of the buried layers. By selecting the phase of the signal in the computer, we can separate the photovoltaic signals produced by the buried structures from that by the surface of the semiconductor wafers.
Substrate

EXPERIMENT
The P-type Si sample with buried structures about 4,um is covered with about lO,um epitaxial Si layer, shown as Fig. 1 . The upper surface of the sample is optically homogenous and opaque, and we can not determine where the doping locates.
The experiment setup is some similar to that of the modulated photoreflectance (MPR), in which an intensity-modulated Ar+ laser beam is used to excite the AC PV signal of the semiconductor sample and an unmodulated He-Ne laser beam is as an additional collinear DC laser incidence on the surface of the sample. The AC PV signal of the sample is detected nondestructively by a capacitive coupling method, then sent to a lock-in amplifier, by which the AC PV signal can be acquired in amplitude, phase and vector modes. The modulation frequency can be changed in the range from 1Hz to 1MHz. The signal from the lock-in amplifier is sent to the PC computer for further image processing, including adjusting the phase of the signal in the computor. The computer also controls a movable X-Y sample stage for imaging detection. Based on the model shown in Fig.l(b) , the AC photovoltaigic signal results from three sources. The first is the surface inversion layer, which acts as a quasi-P-N junction [12] . The SPY is determined by the minority density on the surface, which is connected with the surface electrical properties, such as the surface recombination velocity etc. Usually the Spy is a complicated but monotonic function of the minority carriers density on the surface, which makes the theoretical calculation to be difficult [3] . The others are two P-N junctions located at the top and bottom of the buried layer, respectively. The respective PV signal is determined by the minority density in each junction, but the polarities of both PV signal are different with each other.
In our theory, this first source is neglected since our attention is paid to the buried layers of semiconductor wafers. Then we consider as follows:
The photogenerated rate of electron-hole pairs G(x,t) including the AC part GA(x,t) and DC part GD(X) at depth x is:
where ' T/ is quantum efficiency, f3 is the light absorbtion coefficient, E. is the energy of incident photon, R is the reflective index of the sample, IA and IH are the incident intensities of the Ar+ laser and He-Ne laser,respectively, and w is the intensity-modulated angular frequency. We neglect the small changes of the light absorbtion coefficient, and also the quantum efficiency of the silicon materials in the wavelength range of He-Ne (6328A) and Ar+ (4880A) lasers.
The transportation equations of minority carriers may be written as :
in the region: 0 < x < L, where N is the density of the photogenerated minority carriers in the P-type region, Dn and Tn are the diffusivity coefficient and the lifetime of minority electrons in the P-type region.
In our modulation frequency, L is much greater than De and L e , so the sample can be considered to be semi-infinite. The boundary and interface conditions must be satisfied simultaneously:
where Sf is the recombination velocity of the front surface.
Thus the AC parts of photogenerated carrier density in P-type region can be written as follows:
where The DC part ND(x) of the density of the minority carrier can be obtained by replacing GA(x,t) and Ae with GD(x) and Le in Eq.4.
(4) (5) By the capacitance method to receive the PV signal, the circuit is considered to be open. In the other hand, the width of the space charge regions (SCR) is too thin to be considered.
In two P-N junction regions, we have where Npo is the balanced electron density in the P-type region, V(x,t) is the photogenerated voltage and consists of the AC VA(x,t) and the DC VD(x) from the pumping and additional DC laser incidences. V T is the thermal voltage and has a value of O.0259V in the room temperature.
According to Ref. [13] , we can obtain the AC PV signal as follows:
where and F(x) __ 1_-(.:....1_-U---'2('--'x)~)1_/2 U(x)
(8)
It must be pointed out that, we must consider the effect of the additional DC illumination. The light absorbtion coefficient is about 10 6 _10 7 /m in the silicon semiconductor materials, so pI < < 1. Under high modulation frequency and additional DC illumination, NA(x) < < ND(x) and there is a simple relation between the AC PV signal and the thickness of the buried layer shown as follows:
The solid lines in Fig.2(a) and (b) are the theoretical results of AC PV signal of the sample with the increase of the AC light intensity, which are in agreement with experiments.
We also calculate the change of AC PV signal at one P-N junction with U(x), shown as Fig.6 . With the rise of U(x), the change of PV signal induced by the variation of U(x) increases quickly when U(x) >0.6.
IV. DISCUSSION AND CONCLUSION
From the experimental and theoretical results in Fig.2 , it is shown that the AC PV signal amplitudes are nonlinear to the intensity of Ar+ laser, and the additional illumination reduces the AC PV signal. The nonlinearity is reduced with the increase of the He-Ne laser power. As without the additional illumination, the amplitude of AC PV signal varies quickly in the lower pump power, and in the higher power approaches to the saturation value corresponding the saturation of the photogene rated carriers. With· He-Ne on, according to our theory, a fore-biased voltage is applied to the surface and bulk P-N junctions, which decreases the height of the barriers and greatly reduce the AC PV signal. With He-Ne off, in the lower power, the theoretical results are some different from those of the experiment. This difference comes from the neglecting of the surface PV effect in our theoretical calculation. With He-Ne on, the difference disappears, which means the additional illumination with high power can reduce the weight of the surface PV effect on the AC PV signal. Thus the AC PV signal under the additional illumination can sensitively detect the buried structures.
From Fig.6 , we can see that, if we want to reduce the effect of additional illumination, U(x) must be less than 0.6, which is satisfied when the modulation frequency is high enough to satisfy NA(x) < < (ND(X)+ NpO). In usual PR and PES measurements at the low modulation frequency, NA(x)-ND(x) and U(x)-l. Hence, the measurement results are easily changed under the external light incidence, even in the case of the probe beam. To avoid the influence of the additional illumination, increasing the modulation frequency properly or adding an additional illumination may be two kinds of good methods. At the same time, the spatial resolution becomes better with the rise of the modulation frequency in PV imaging.
When we adjust the phase in the computer, some results shown as Fig.5 are interesting. Compared with Fig.5(b) , one isolated groove and defects on one cell of the buried layer (A) and on the sample surface (B,C) disappear in Fig.5(a) . The cell sizes and contrast of the buried layer become smaller, which are connected with the doping profile of cells of buried layer in the lateral and the z directions. According to our theory, the AC PV signal has three sources at different depths, whose corresponding phases may be different with each other. Therefore, we can reduce the surface effect on the semiconductor wafers by adjusting the phase to the buried structures. On the other hand, the AC PV signals from the buried layer are connected with the layer thickness inhomgeneities and its electrical properties, such as the minority lifetime etc, shown as Eq.lO. We can use the AC PV imaging to obtain the thickness variation of buried cell and the doping profile of buried layers by adjusting the reference phase in the computer. It is certain that we can make it possible to evaluate nondestructively the buried layer with an epitaxial layer in line by developing high-frequency AC PV detection technique.
Finally, we make some conclusions as follows: (l)In PV, PR, PA and PES measurements, the effect of the incidence of external light or the probe beam can be reduced under a high modulation frequency and/or a high-power additional illumination.
(2)In the process to detect the buried layer, additional illumination can reduce the effect of the surface photovoltaic signal.
Increasing the modulation frequency will raise the contrast of phase images and the spatial resolution.
(3)By adjusting the phase, we 'can separate the surface PV signals from the PV signals at P-N junctions and detect some defects sensitively. Through developing this technique, we can evaluate the thickness variation and the doping profile of buried layers covered with a thick epitaxial layer.
